The magnetic field in the convective zone of the Sun has a random smallscale component with the r.m.s. value substantially exceeding the strength of a regular large-scale field. For two Majorana neutrino flavors × two helicities in the presence of a neutrino transition magnetic moment and nonzero neutrino mixing we analyze the displacement of the allowed (∆m 2 -sin 2 θ)-parameter region reconciled for the SuperKamiokande(SK) and radiochemical (GALLEX, SAGE, Homestake) experiments in dependence on the r.m.s. magnetic field value b, or more precisely, on a value µb assuming the transition magnetic moment µ = 10 −11 µ B . In contrast to RSFP in regular magnetic fields we find an effective production of electron antineutrinos in the Sun even for small neutrino mixing through the cascade conversions ν eL → ν µL →ν eR , ν eL →ν µR →ν eR in a random magnetic field that would be a signature of the Majorana nature of neutrino ifν eR will be registered. Basing on the present SK bound on electron antineutrinos we have also found an excluded area in the same ∆m 2 , sin 2 2θ -plane and revealed a strong sensitivity to the random magnetic field correlation length L 0
I. INTRODUCTION
and commented by Akhmedov (see [8] and references therein).
But contrary to the case of regular magnetic fields we find out that one of the signatures of random magnetic field in the Sun is the prediction of a wider allowed region for neutrino mixing angle in the presence ofν e from the Sun including the case of small mixing angles (see below section IV).
Notice that if electron antineutrinos from the Sun were detected at the Earth this would lead to conclusion that neutrinos are Majorana particles and this is a very attractive point for applying RSFP in regular magnetic field or ASFC in random fields in the Sun.
The SK experiment provides a stringent bound on the presence of solar electron antineutrinos at least for high energy region [9] . A phenomenological and numerical analysis of ν eL →ν eR -conversion in the solar twisting magnetic fields [10] - [12] shows that it is possible to obtain a noticeable yield ofν eR [11] consistent with the limit [9] . Twisting magnetic fields themselves are, however, very specific and it is hard to explain their existence and origin. Therefore, more realistic models of magnetic field in the Sun are necessary and for a start we treat here both SNP solution andν e -production applying, as we hope, a bit more realistic model of random magnetic fields in the convective zone of the Sun.
The random magnetic field is considered to be maximal somewhere at the bottom of convective zone and decaying to the solar surface. To take into account a possibility, that the solar dynamo action is possible also just below the bottom of the convective zone (see [3] ), we accept, rather arbitrary, that it is distributed at the radial range 0.7R ⊙ -1.0R ⊙ , i.e. it has the same thickness as the convective zone. Of course, our model of the random magnetic field (see in details below) is a crude simplification of the real situation, however, the results are presumably more or less robust.
For each realization of random magnetic fields we find a solution of the Cauchi problem in the form of a set of wave functions ν a (t) =| ν a (t) | exp(iα a (t)) obeying the unitarity condition for the probabilities P aa (t) = ν * a (t)ν a (t), P ee (t) + Pēē(t) + P µµ (t) + Pμμ(t) = 1 ,
where the subscript a equals to a = e for ν eL , a =ē forν eR , a = µ for ν µL and a =μ forν µR correspondingly.
In section II the experimental observables are defined through the neutrino conversion probabilities P aa (E) at the detectors (r = R Earth ) accounting for neutrino propagation both in the Sun and on the way from the Sun to the Earth.
In subsection II.A we give general formulas for the neutrino event spectrum in real time experiments with measurement of recoil electron energy in the νe-scattering. In contrast to the well-known case of regular fields, we need to find the probabilities P aa (r = t) as the functions of a local position in the transversal plane too, P aa (r) ≡ P aa (r, ξ, η), because longitudinal profiles of the random fields (along r) are generally different in different points in the transversal plane even for an instant when parallel neutrino fluxes directed to the Earth (called here "rays") cross the convective zone (see Fig. 1 ).
As a result of different realizations of random fields along different rays the probabilities P aa (r, ξ, η) are random functions built on randomness of magnetic fields in all three directions.
The same probabilities for left-handed electron neutrinos, P ee (r, ξ, η), are used in subsection II.B to define neutrino flux measured in radiochemical experiments (Homestake and GALLEX + SAGE, in SNU units).
In main section III we give some physical arguments supporting the random magnetic field model implemented into the master equation Eq. (11) (subsection III.B.1). After that we describe the mathematical model of random magnetic fields (subsection III.B.2).
Then in subsection III.C we analyze asymptotic solution of the master equation in the case of small neutrino mixing. We briefly discuss there many possible analytic issues: in particular, magnetic field correlations of finite radius (subsection III.C.2), linked cluster expansion and higher moments of survival probability (subsection III.C.3). We give also an interpretation of the random magnetic field influence as a random walk over a circle (subsection III.C.4).
In subsection III.D we describe the algorithm of our numerical approach. The main goal is to calculate the mean arithmetic probabilities as functions of mixing parameters sin 2 2θ , δ = ∆m 2 /4E,
under the assumption Φ
, where λ i (E) is the corresponding normalized differential flux,
is the integral flux of neutrinos of kind "i" (i = pp , Be , pep , B) assumed to be constant and uniform, Φ
= const, at a given distance r = t from the center of the Sun [13] . This simplifies the averaging in the transversal plane since
It is worth to note that the above averaging procedure merely reflects the physical properties of neutrino detectors which response to the incoherent sum of partial neutrino fluxes incoming from all visible parts of the Sun. At the same time it is well known that the most studied statistical characteristics in statistical physics and especially in the theory of disordered media are those that are additive functions of dimensions (cf. [14] ). Their main distinctive feature is that, being devided by corresponding volume, they become certain in macroscopic limit, i.e. self-averaged. From definition Eq. (2) it follows that the integral in the numerator in the r.h.s. is indeed an additive function of the area of the convective zone layer (see also Fig. 1 ) and therefore for increasing area one can expect that P aa should be self-averaged. Our results below confirm this property ( subsection III.C.3 and section IV).
In section IV we analyze how these probabilities depend on the r.m.s. field value b 2 and argue why electron antineutrinos are not seen in the SK experiment reconciling available experimental data for four solar neutrino experiments.
In final section V we discuss our results comparing two mechanisms, RSFP and ASFC, for the same strength of regular and r.m.s. fields and µ = 10 −11 µ B .
II. EXPERIMENTAL OBSERVABLE VALUES
If neutrinos have the transition magnetic moment, then in real time experiments like νe-scattering in the SK case [1] the recoil electron spectrum depends on all four neutrino conversion probabilities, P aa (see subsection II.A), while in the case of radiochemical experiments (Homestake, Gallex, SAGE [16] ) the number of events measured in SNU units depends on charge current contribution with left-handed electron neutrinos only, i.e. on the survival probability P ee that itself is a function of the magnetic field parameter µB ⊥ , as well as of the fundamental mixing parameters ∆m 2 , sin 2 2θ (subsection II.B).
A. Spectrum and number of neutrino events in νe-scattering experiments
In a real time experiment one measures the integral spectrum (the number of neutrino events per day)
where experimentalists devide the whole allowed recoil electron energy interval T ≥ T th into bins ∆W = T k+1 − T k with T k min = T th . The energy spectrum of events, dN ν /dT , has the form
where N e is the total number of electrons in the fiducial volume of the detector; E min (T ) = (T /2)(1 + 1 + 2m e /T ) is the minimal neutrino energy obtained from the kinematical inequality T ≤ T max = 2E 2 /(2m e + 2E) and E max (i) is given in [13] . For simplicity the efficiency ε(E) above the detector threshold T th is substituted by ε(E) = 1.
Notice that we have assumed the same core radii for all neutrino sources (kinds "i"),
is given by the energy resolution ∆T ≡ ∆(T ) in the Gaussian distribution where T ′ is the true recoil electron energy, T is the measured energy, and by the νe scattering cross-section for four active Majorana neutrino components [15] 
Here g eL = ξ + 0.5, g µL = ξ − 0.5, g R = ξ = sin 2 2θ W ≃ 0.23 are the coupling constants in the Standard Model(SM).
Let us stress that a specific dependence of probabilities on the transversal coordinates ξ , η vanishes for a homogeneous regular magnetic field which is a function of the longitudinal coordinate r = t only. Therefore for scenarios with regular fields (for instance, in [7] ) the spectrum Eq. (5) takes the usual form without dependence on transversal coordinates.
If we assume uniform partial neutrino fluxes, the integration over the transversal coordinates ξ, η in the integrand of the event number Eq. (5) leads to the averaging of probabilities, see Eq. (3) and subsection III.D.
The energy resolution in the SK experiment is given by ∆(T ) = ∆ 10 T /10 MeV and for the Kamiokande experiment is estimated as ∆T /T ∼ 0.2 at the energy T = 10 MeV , or ∆ 10 = 2 MeV . This irreducible systematical error becomes even worse near the threshold (T th = 6.5 MeV at the present time and one plans to reach T th = 5 MeV in 1998).
In BOREXINO (starts in 1999), where one has a liquid scintillator, it is expected to observe approximately 300 photoelectrons (phe) per MeV of deposited recoil electron energy. This gives an estimate of the energy resolution of the order [17] ∆T
corresponding to 12 % for the threshold (T th ≃ 0.25 MeV ) and 7 % for the maximum recoil energy for Be neutrinos, T max ≃ 0.663 MeV . In HELLAZ the Multi-Wire-Chamber (MWC) counts the secondary electrons produced by the initial one in helium. It is expected to count 2500 electrons at the threshold energy T th ≃ 0.1 MeV , so in that case [18] ∆T
or the energy resolution of the order 1.5 % for the maximum for pp neutrinos T max ≃ 0.26 MeV . Other experimental uncertainties must be incorporated into the differential spectra Eq. (5). We have neglected an unknown statistical error, which we expect to be less than the systematical one after enough exposition time, as it will decrease as | ±∆N ν /N ν |∼ t −1/2 . We have also neglected inner and external background contributions to the systematical error considering them as the specifical ones for each experiment.
B. Radiochemical experiments
The number of neutrino events in GALLEX (SAGE) and Homestake experiments measured in SNU (1 SNU = 10 −36 captures per atom/per sec) has the form
where the thresholds E th (Ga, Cl) for GALLEX (SAGE) and Homestake are 0.233 MeV and 0.8 MeV correspondingly and the capture cross sections σ Ga, Cl (E) for gallium and clorine detectors are tabulated in [13] , see Table 8 . 4 . For P ee = 1 the SSM predictions for radiochemical experiments are listed in the Table 8 .2. [13] . For updated theoretical fluxes in BP95 model [19] we find the mean SSM predictions 137 SNU for GALLEX (SAGE) and 9,3 SNU for the Homestake experiment. The experimental data [16] pronounce the electron neutrino deficit, 69.7 ± 6.7 +3.9 −4.5 SNU for the GALLEX, 69 ± 10 +5 −7 SNU for the SAGE and 2.55 ± 0.17 ± 0.18 SNU for the Homestake experiments. Notice that the ratio of the experimental data to SSM predictions above does not depend on theoretical uncertainties of the integral neutrino fluxes, Φ (0) i , in Eq. (10) . Neutrino deficit expressed through these ratios [2] is 0.509 ± 0.059, 0.504 ± 0.085 and 0.274 ± 0.027 for GALLEX, SAGE and Homestake correspondingly where the experimental 1σ-errors come from σ 2 stat + σ 2 sys .
III. MASTER EQUATION AND ITS SOLUTION

A. Master equation
We consider conversions ν eL,R → ν aL,R , a = µ or τ , for two neutrino flavors obeying the master evolution equation
where c 2 = cos 2θ, s 2 = sin 2θ, δ = ∆m 2 /4E are the neutrino mixing parameters; µ = µ 12 is the neutrino active-active transition magnetic moment; H ± (t) = B 0± (t) + b ± (t), H ± = H x ± iH y , are the magnetic field components consisting of regular (B 0± ) and random (b ± ) parts which are perpendicular to the neutrino trajectory in the Sun;
are the neutrino vector potentials for ν eL and ν µL in the Sun given by the abundances of the electron (Y e = m p N e (t)/ρ(t)) and neutron (Y n = m p N n (t)/ρ(t)) components and by the SSM density profile ρ(t) = 250 g/cm 3 exp(−10.54t) [13] .
Notice that we did not assume here a twist field model with analogous constructions B ± = B x ± iB y in off-diagonal entries of the Hamiltonian in Eq. (11) These expressions are derived from the initial Majorana equations in the mass-eigenstate representation where transversal part of the spin-flip term µ σ · B leads automatically to the "twist-form" in the Schrödinger equation above written in flavor representation (see [20] ). We have not performed the phase transform of the Hamiltonian in Eq. (11) since, in contrast to [10] , the phase Φ(t) in H ± = H ⊥ (t)e ±iΦ(t) is the random one that gives uncertainty in the additional termΦ for the resonance condition [10] . Instead of that we have solved Eq. (11) directly using computer simulation (see below).
B. Solar magnetic fields
Random magnetic fields
The r.m.s. random component b is assumed to be stronger then the regular one, B, and maybe even much stronger than B 0 , b 2 ≫ B 2 0 , provided the large magnetic Reynolds number R m leads to the effective dynamo enhancement of small-scale (random) magnetic fields.
Let us give simple estimates of the magnetic Reynolds number R m = lv/ν m in the convective zone for fully ionized hydrogen plasma (T ≫ I H ∼ 13.6 eV ∼ 10 5 K). Here l ∼ 10 8 cm is the size of eddy (of the order of magnitude of a granule size) with the turbulent velocity inside of it v ∼ 10 5 cm/s. Provided an equipartition between the turbulent kinetic energy and the mean magnetic field is suggested, we obtain v ≈ v A = B/ √ 4πρ, where v A is the Alfven velocity for MHD plasma, B is the mean (large-scale) magnetic field in convective zone and ρ is the matter density The magnetic diffusion coefficient, or magnetic viscosity, ν m = c 2 /4πσ cond entering the diffusion term of the Faradey induction equation,
where H = B + b is the total magnetic field (mean field plus fluctuations), is given by the conductivity of the hydrogen plasma σ cond = ω 2 pl /4πν ep . Here c is the light velocity; ω pl = 4πe 2 n e /m e = 5.65 × 10 4 √ n e s −1 is the plasma, or Lengmuir frequency; ν ep = 50n e /T 3/2 s −1 is the electron-proton collision frequency; and the electron density n e = n p and the temperature T are measured in cm −3 and Kelvin degrees respectively. It follows that the magnetic diffusion coefficient ν m ≃ 10 13 (T /1 K) −3/2 cm 2 s −1 does not depend on the charge density n e and it is very small for hot plasma T ≥ 10 5 K. From comparison of the first and second terms in the r.h.s. of the Faradey equation Eq. (12) we find that v/l ≫ ν m /l 2 , or ν m ≪ vl ∼ 10 13 cm 2 s −1 since T /1 K ≫ 1. This means that magnetic field in the Sun is frozen-in.
As the result we obtain R m = lvω
A standard estimation for R m in the solar convective zone is R m = 10 8 (see [21] ). The estimation of b/B for the solar convective zone (and other cosmic dynamos) is the matter of current scientific discussions. The most concervative estimate, simply based on equipartition concept, is b = const B. According to direct observations of galactic magnetic field presumably driven by a dynamo, b ≈ 1.8B ( [22] ). A more developed theory of equipartition gives, say, b = constB ln R m (see [21] ). For our consideration taking this constant as 4π would be more than sufficient.
Notice that this estimate is considered now as very concervative. Basing on more detailed theories of MHD turbulence estimates like b ∼ √ R m B are discussed [23] , [24] . Such estimates give a free room for a very large values of b. Let us stress, however, that the larger estimate of b is accepted, the more difficult is to refer for a dynamo as an origin for B, so the estimates of Vainstein and Cataneo, [23] and [24] are hardly comparable with the dynamo nature of large-scale solar magnetic field.
Being interested in neutrino conversions, we need only a partial information concerning the small-scale magnetic fields. In particular, because of the very rapid propagation of neutrino in comparison with MHD timescales, we are interesting only in a b distribution at a given instant in a given direction.
The model of the magnetic field
The assumed profile of a random magnetic field is presented in the Fig. 2 . We also show there the profile of the regular magnetic field used in calculations. We find that RSFP results are not sensitive to the profile of a regular field. However, switching on random fields, we find out an essential change of the probabilities P aa (t) for the same mixing parameters sin 2 2θ, ∆m 2 /2E. This difference of the magnetic field model influence on the solution of the master equation Eq. (11) becomes the more significant the larger the r.m.s. value b is assumed.
The numerical implementation for the random magnetic field has been chosen as follows. We choose the correlation length for the random field component as L 0 = 10 4 km that is close to the mesogranule size.
Then we suppose that all the volume of the convective zone is covered by a net of rectangular domains where the random magnetic field strength vector is constant. The magnetic field strength changes smoothly at the boundaries between the neighbour domains obeying the Maxwell equations. Since one can not expect the strong influence of small details in the random magnetic field within and near thin boundary layers between the domains this oversimplified model looks applicable.
In agreement with the SSM [13] we suppose that the neutrino source inside the Sun is located inside the core with the radius of the order of R ν = 0.1R ⊙ = 7 × 10 4 km and neglect for the sake of simplicity the spatial distribution of neutrino emissivity from a unit of a solid angle of the core image. However, different parallel trajectories directed to the Earth cross different magnetic domains because the domain size L 0 (in the plane which is perpendicular to neutrino trajectories) is much less than the transversal size = R ν of the full set of parallel rays, L 0 ≪ R ν . The whole number of trajectories (rays) with statistically independent magnetic fields is about R 2 ν /L 2 0 ∼ 50. Thus, the perpendicular components b x,y (r) along one representive ray are the random functions with the correlation length L 0 (see Fig. 2 ).
At the stage of the numerical simulation of the random magnetic field we generate the set of the random numbers with the given r.m.s. b 2 and suppose that the strength of the random field is constant inside the rectangular volume with the radial size L 0 and with the same diameter L 0 in the ξ , η-plane. We assume that b 2 x = b 2 y . We generate random values of b in different cells both along the neutrino trajectory and in the transversal plane ξ , η, solve the Cauchy problem for 50 rays and calculate the mean probabilities Eq. (2) .
Notice that we substitute into the integrand of the neutrino event number dN ν /dT the probabilities P aa (r = R E⊙ , ξ, η) at the Earth taking into account also vacuum neutrino oscillation probabilities (for zero magnetic fields and zero density in the solar wind) and neglecting the Earth effects for relatively small ∆m
3 in the Earth). As for MSW-region ∆m 2 ∼ 10 −5 eV 2 we do not consider here the possible Earth influence which could result in day-night variations.
C. Asymptotic solution of the master equation
Let us consider how random magnetic field influences the small-mixing MSW solution to SNP with the help of some simplified analytical solutions of the master equation Eq. (11). Indeed, it turns out that for the SSM exponential density profile, typical borone neutrino energies E ∼ 7 ÷ 14MeV , and △m 2 ∼ 10 −5 eV 2 , the MSW resonance (i.e. the point where V e − V µ = 2c 2 δ) occurs well below the bottom of the convective zone. Thus we can divide the neutrino propagation problem and consider two successive stages. First, after generation in the middle of the Sun, neutrinos propagate in the absence of any magnetic fields, undergo the non-adiabatic (non-complete) MSW conversion ν eL → ν µL and acquire certain nonzero values P ee end P µµ , which can be treated as initial conditions at the bottom of the convective zone. For small neutrino mixing s 2 → 0 the (4 × 4)-master equation Eq.(8) then splits into two pairs of independent equations describing correspondingly the spin-flavor dynamics ν el →ν µR and ν µL →ν eR in noisy magnetic fields. In addition, once the MSW resonance point is far away from the convective zone, one can also omit V e and V µ in comparison with c 2 δ. For ν eL →ν µR conversion this results into a two-component Schrödinger equation
with initial conditions |ν eL | 2 (0) = P ee (0), |ν µR | 2 = Pμμ(0) = 0. As normalized probabilities P ee (t) and Pμμ(t) (satisfying the conservation law P ee (t) + Pμμ(t) = P ee (0)) are the only observables, it is convenient to recast the Eq.(13) into an equivalent integral form
where S(t) = 2P ee (t) − P ee (0) ≡ P ee (t) − Pμμ(t) is the third component of the polarization vector S.
δ-correlations
If L 0 is the minimal physical scale in the problem, we can consider random magnetic fields as δ-correlated:
In this case it turns out that averaging of the Eq. (14) over random magnetic fields is exactly equivalent to averaging of its solution (cf. [6] ). The result reads:
where < S(t) > is the mean value, and decay factor
If time is measured in units of L 0 (recall that c = 1), supposing that neutrino traversed N correlation cells, i.e. t = L 0 × N, we have
so that N plays a role of an extensive variable like the volume V in statistical mechanics.
Correlations of finite radius
Let us consider Eq. (14) in a spirit of our numerical method. Dividing the interval of integration into a set of equal intervals of correlation length L 0 , for a current cell n we have
Assuming now that possible correlations between S(t 2 ) and b i , b j under the integral are small, S(t) itself varies very slowly within one correlation cell (see, however, below), and making use of statistical properties of random fields, (i) different transversal components within one cell are independent random variables, and (ii) magnetic fields in different cells do not correlate, we can average Eq.(18) thus obtaining a finite difference analogue:
where we retained possible slow space dependence of the r.m.s. magnetic field value < 
the solution of which has a form
For δ ≪ L 
Linked cluster expansion and dispersion
Another important issue is the problem of temporal dependence of higher statistical moments of P aa . As P aa enter the Eq.(4) for the number of events one should be certain that the averaging procedure does not input large statistical errors, otherwise there will be no room for the solar neutrino puzzle itself. In order to apparently investigate generic statistical properties of the model we make an additional assumption and put in Eqs. (13), (14) δ equal to zero. This is not critical at least for strong random magnetic fields as it follows that for small δ instantaneous eigenvalues of Eq.(13)
i.e. for typical realization the vacuum oscillation parameter should not substantially influence the solution provided also that δ ≪ L −1 0 (see Eq. ( 21) ). The integral equation (14) then takes the form
especially convenient for perturbative solution in powers of magnetic field or, equally, in powers of coupling constant 4µ 2 . The n-th order is proportional to the product of 2n transversal components b ⊥ (t i ) integrated over time with descending upper limits of integration t > t 1 > t 2 > . . . > t 2n−1 . After averaging and some standard combinatorics (cf. [25] ) the perturbation series exponentiates providing the linked cluster expansion
where because of isotropy we retained linked higher moments of even order only, which can be evaluated within our spacially piece-constant model of random magnetic fields as
where λ 2m -some coefficients, 0 ≤ λ 2m ≤ 1, λ 2 = 1, defined by magnetic field statistics within one cell. For Gaussian distribution all λ 2m but λ 2 disappear and Eq. (24) coincides with the δ-correlator result Eq. (15) . Approximately this is also true when
⊥ > ≪ 1 due to fast convergence of the sum in Eq. (24) . For chosen values of magnetic fields and correlation scale this parameter does not exceed ∼ 0.2, thus justifying the δ -correlation estimates. It is also plausible (though we have not proved that correctly) that once we adopted the cell model with physically constrained from above random magnetic fields, the resulting approach of < S(t) > to its asymptotic value should be always exponential leaving no room to such effects as intermittency. That is < S(t) > is simply decaying with time tending to zero. Here we illustrate such a behavior for a type of statistics differing from Gaussian. (24) is easily performed and we obtain
where Ω = µ| b ⊥ |L 0 . We note by passing that for large magnetic fields satisfying rather artificial conditions Ω = πn, n = 1, 2, . . . , there should exist an effect of resonance transparency, when the polarization vector S performs an integer or half-integer number of turnovers within one cell. Otherwise the behaviour is exponential again.
To estimate the < S 2 (t) > behaviour we use the same procedure, write down the iterative solution for S(t), square it and then average. The final result again has an exponential form like ( 24) . As it turns out that Ω ≪ 1 we confine here only with the Gaussian statistics (valid in this case). Then,
where Γ is defined in Eq. (16) and we also rewrite the expression (15) for < S(t) > . It follows from Eq.(27) that < S 2 (0) >= S 2 (0), and for t → ∞ the exponent dies out and < S 2 (t) > tends to its asymptotic value < S 2 (∞) >= 
and correspondingly for σ P
Taking into account that
we have that relative mean square deviation of P ee from its mean value tends with t → ∞ to its maximum asymptotic value
irrespectively of the initial value P ee (0). It is interesting that this asymptotic value is in a qualitative agreement with the result [26] ,
that was obtained by numerical simulation of the MSW-effect in a fluctuating matter density.
We can now estimate the influence of the random magnetic field on the process of the neutrino conversion. Let suppose that the effective thickness of the part of the convective zone of the Sun carrying the large random magnetic field is about ∆t ≈ 0.15R ⊙ and µ = 10 −11 µ B . Then Γ ≈ 1.6 × b/100 kG, s −1 . Hence, random magnetic field with the strength about 100 kG is strong, mixing parameter K = 1 − e −Γ∆t ≈ 0.8. Random magnetic field b ∼ 50 kG is medium, K ≈ 0.33 and b ∼ 20 kG is weak, K ≈ 0.06. These estimations are the reasons to adopt the strength of the random magnetic field for the computer simulation, b = 50 kG and b = 100 kG.
The estimation (31) of the r.m.s. deviation of P ee and other P aa is true, evidently, only for one neutrino ray. Averaging over N independent rays lowers the value (31) in √ N times. That is for our case of N ≈ 50 rays we get that maximum relative error should not exceed approximately 10%, thus justifying the validity of our approach. For smaller magnetic fields the situation is always better.
To conclude this section, it is neccesary to repeat that the above estimate Eq. (31) indicates possible danger when treating numerically the neutrino propagation in noisy media. Indeed, usually adopted one-dimensional (i.e. along one ray only) approximation for the (4 × 4) master equation Eq. (11) or (2 × 2) Eq. (13) can suffer from large dispersion errors and one should make certain precautions when averaging these equations over the random noise before numerical simulations. Otherwise, the resulting error might be even unpredictable.
Interpretation of the influence of random magnetic field as a random walk over a circle
Here we show that there exists a simple way to explain the behaviour of the mean value and dispersion of P ee (t). To apparently account the normalization P ee (t) + Pμμ(t) = P ee (0), we can introduce a unit circle where a representative point parametrized by the angular variable φ(t) performs a motion, while P ee (t) = P ee (0) cos 2 φ(t), Pμμ(t) = P ee (0) sin 2 φ(t). Then expressions for S and S 2 take form S(t) ≡ P ee (t) − Pμμ(t) = S(0) cos 2φ, S 2 (t) = S 2 (0) 2 {1 + cos 4φ} . Suppose now that φ(t) is a realization of a Gaussian random process with the dispersion D φ (t) = βt and probability density
Simple calculation shows that
From Eq.(33) it follows that
Comparison of Eqs. (27) , (28) with (34) shows that if we adopt 2β = Γ, these expressions become identical. Hence, one can treat the master equation (13) with the random magnetic field as a random walk over a circle with the dispersion of the angular variable proportional to the product of the path along the convective zone δt, mean squared magnetic field < b 2 ⊥ > and correlation length L 0 , coefficient of proportionality depending on the neutrino magnetic moment squared, see Eq. (16) . This provides a simple way to express the meaning of the Eq. (30) . At the starting moment φ(0) possess probability density concentrated at point φ = 0, and P ee (0) has the definite value governed by the initial conditions. If t → ∞, the random walk over a circle provides an asymptotically uniform probability density, P φ (t = +∞) = 1/2π and < P ee (t = +∞) >= P ee (0)/2 because the average value of cos 2 φ is equal to 1/2. A more detailed study of possible interrelation between neutrino conversions and the random walk will be reported elsewhere, here we only add that an explicit computation of the third and fourth moments of S confirm the above identification. Our results also confirm the conjecture [5] where with account of only one component of the transversal magnetic field (scalar case) it was shown that the resulting behaviour of < P ee > can be interpreted as a brownian motion of an auxiliary angular variable over a circle.
D. Computer simulation of the master equation
Substituting a random realization of magnetic fields along one ray (see curve 3 in Fig. 2 for b x (r) 1 ) into the master equation Eq. (11) we find the solution for four wave functions, ν a (t) =| ν a (t) | exp(iα a (t)), from which all dynamical probabibilities P aa obeying the condition Eq. (1) are derived. Then we have repeated such procedure with the solution of the Cauchy problem for other configurations of random magnetic fields (along other neutrino trajectories).
After that, supposing that due to homogeneity the intensities of partial neutrino fluxes are equal to each other, i.e. Φ i = const , we obtain the number event spectrum Eq. (5) that depends on the product
is the integral flux of neutrinos of the kind "i" [13] and P aa are the mean probabilities that are shown in Figures 3-6 and in Figure 7 for particular cases of the maximum r.m.s. amplitudes b 2 = 50 kG and b 2 = 100 kG correspondingly. For comparison of ASFC with the RSFP case we substituted regular magnetic fields B 0 = 50 , 100 kG (with profiles shown in the same Fig. 2 ) into Eq. (11) and calculated four probabilities P aa . The transition probabilities for antineutrinos Pēē (appeared for large mixing angles in cascade conversions through the steps: (a) ν eL →ν µR within convective 1 In general, for any random field realization the component b y (r) has a different profile (along r) shown in Fig. 2 for b x (r) only. This difference in profiles was taken into account while equal amplitudes, Figs. 3-7 obey the unitarity condition Eq. (1) for the same parameters sin 2 2θ, δ = ∆m 2 /4E and for a given b rms . This can be viewed as a check of our numerical procedure because the unitarity condition was not apparently used in simulation.
In Figs. 10, 11 we plot allowed parameter regions ∆m 2 , sin 2 2θ found from reconcilement of all experimental data [1] , [16] for the ratio DAT A/SSM ± 1σ in the case of regular fields B ⊥ = 50, 100 kG and in Figs. 12, 13 we present analogous results for random fields b 2 = 50, 100 kG. In order to find these regions we have calculated number of events in Eq. (4) using corresponding numerical solutions of the evolution equation Eq. (11) with varying ∆m 2 , sin 2 2θ devided by the number of events derived in SSM for P ee (E) = 1. In Figs. 10-14 we also show ∆m 2 , sin 2 2θ-regions excluded from non-observation of antineutrinosν eR in SK [9] .
IV. DISCUSSION OF RESULTS
From Figs. 3-13 it apparently follows that there is a band in the parameter region ∆m 2 ∼ 10 −7 − 10 −6 eV 2 that separates MSW and magnetic field scenarios. In Figs. 12-14 we presented the allowed parameter regions to reconcile four solar neutrino experiments along with the SK bound onν eR . One can see that without the latter bound there exist two commonly adopted parameter regions, the small mixing and the large mixing ones, currently allowed (Figs. 12,13) or excluded (Fig. 14) in dependence of the values of the r.m.s. magnetic field parameters, see subsections IV.B and IV.C. But first of all we would like to discuss a "strange" dependence of the allowed from the SK experiment low mass difference regions (∆m 2 < ∼ 10 −8 eV 2 ) on the strength of the regular magnetic field.
A. "Paradox" of strong regular magnetic fields
We find a surprising from the first sight result for the strongest field B = 100 kG: (i) the probability Pēē decreases relative to the case B = 50 kG (compare Figs. 8,9) ; moreover, (ii) the well-known parameter region ∆m 2 ∼ 10 −8 eV 2 allowed here from SK data in the case of regular field B = 50 kG (shown in Fig. 10 ) and recoinciled with other experiments in [8] vanishes in the case of more stronger field B = 100 kG (see Fig. 11 ).
One can easily explain such peculiarity considering the analytic form of neutrino conversion probability in the convective zone (ν eL →ν µR ),
This expression is valid for constant profiles and can be used to qualitatively estimate the effect treated here numerically for changing profiles. Here ∆r = 0.15R ⊙ is the effective half-width of the convective zone where magnetic field is strong (see Fig. 2 
eV is the neutrino vector potential (V = V e − Vμ) above the bottom of convective zone r ≥ 0.7R ⊙ (see Eq. (11)); 2µB ⊥ ≃ 5 × 10 −15 B 50 eV is the magnetic field parameter for µ = 10 −11 µ B and magnetic field strength normalized on 50 kG.
The mass parameter ∆ = 10 −11 ∆m 2 5 /2(E/MeV ) eV is much less than parameters above for SK energies E ≥ 6.5 MeV in the mass parameter region ∆m 2 ≤ 10 −8 eV 2 , or for ∆m 2 5 ≤ 10 −3 . Since ∆m 2 (eV 2 ) = 4 × 10 −9 − 10 −10 is negligible and the resonance condition V = ∆ cos 2θ, i.e.,
is not fulfilled for corresponding low mass region, we conclude and check directly from the analytic formula Eq. (35) that in the case B ⊥ = 50 kG the non-resonant large conversion probability P eμ reaches a maximum due to accident coincidence of the phase in propagating factor with V 2 + (2µB ⊥ ) 2 ∆r/2 ∼ π/2. This is in contrast to another allowed region ∆m 2 ∼ 10 −7 eV 2 shown in the same Fig.  10 where really the resonance Eq. (36) and RSFP take place.
Notice that the oscillation depth
2 ) reaches unity in Eq. (35) for extreme fields B ⊥ → ∞ and the resonance V = ∆ cos 2θ (36) is almost irrelevant to the case B ⊥ = 100 kG. Similar behavior of RSFP was studied also in [27] .
Moreover, for the case B ⊥ = 100 kG the phase in propagation factor reaches ∼ π for small mass parameters, ∆m 2 5 ∼ 10 −3 − 10 −5 resulting in zero (≈ 0) of the conversion probability Eq. (35) while the survival one remains at the level P ee ∼ 1. This is the reason why right-handedν eR are produced in a less amount for the case B ⊥ = 100 kG than in the case B ⊥ = 50 kG. This is also the reason why the low mass region ∆m 2 5 ∼ 10 −3 − 10 −5 which is allowed from SK data for B ⊥ = 50 kG (in Fig. 10 ) vanishes in the case of B ⊥ = 100 kG (see Fig.  11 ).
For low magnetic fields (we built but do not present plots for regular field B ⊥ = 20 kG) only resonant ν eL →ν µR -conversions take place in convective zone for ∆m 2 ∼ 10 −7 eV 2 as well as MSW conversions for "large" mass parameters 10 −6 − 10 −5 eV 2 . We can explain why this happens as follows.
These fields are not too large to suppress a resonance in oscillation depth like for B ∼ 100 kG. On the other hand, for low magnetic fields RSFP occurs as strong non-adiabatic conversion for ∆m 2 ∼ 10 −8 eV 2 in contrast to the adiabatic RSFP in the case B ⊥ = 50 kG for the same mass parameter region.
Therefore, this mass region is excluded from SK data in the case of low magnetic fields (for B = 20 kG) and the triangle region ∆m 2 ≥ 10 −7 eV 2 which is common for all cases is allowed only.
To resume the regular field case, we conclude that parameter regions allowed from SK data are close to analogous ones obtained in [8] for small mixing angle band, sin 2 2θ < ∼ 0.25. However, in [8] exclusion of large mixing angles for small ∆m 2 relevant to RSFP comes from fit with other (radiochemical) experimental data while in our case the corresponding region in Fig. 10 (where Pēē occurs to be noticeable) is excluded from non-observation of antineutrinosν eR in SK and Kamiokande experiments [9] (see below).
B. The SK experiment bound on electron antineutrinos and allowed parameter region
In order to get antineutrino flux less than the background in SK we should claim [9] Φν e (E > 8.
where
is the cross-section of the capture reactionν e p → ne
6 cm −2 s −1 is the SSM boron neutrino flux for chosen threshold of sensitivity E > E 0 = 8.3 MeV [9] .
Deviding the inequality Eq. (37) by this flux factor we find the bound on an averaged (over cross-section and spectrum) transition probability ν eL →ν eR (via a cascade),
or Φν/Φ SSM B < ∼ 3.5% . We calculated boundaries in the parameter regions ∆m 2 , sin 2 2θ where the inequality Eq. (38) is violated in order to exclude these regions from the allowed ones shown in Figs. 10-14.
We do not find any violation of the bound Eq. (38) for low magnetic fields, B , b < ∼ 20 kG, both for regular and random ones. Thus, we conclude that in the limit B, b → 0 (for instance for the MSW case) the hole triangle region seen in Figs. 10-13 is allowed from the SK data.
However, for strong magnetic fields such forbidden parameter regions appear in different areas over ∆m 2 and sin 2 2θ for different kind of magnetic fields (regular and random) . Moreover, for strong regular magnetic fields (B = 100 kG) such dangerous parameter regions vanish (see subsection IV.A above) while the stronger a random field would be the wider forbidden area arises.
The bound Eq. (38) is not valid for low energy region below the threshold of the antineutrino capture by protons, E ≤ 1.8 MeV .
Therefore we can expect in future BOREXINO experiment a large contribution of antineutrinos if neutrino has a large transition magnetic moment µ ∼ 10 −11 µ B . This is due to re-scaling of the mass parameter ∆m 2 that is not fixed and decrease of neutrino energy that will be measured in BOREXINO. This prediction will not be in contradiction with the bound Eq.(38) for hard neutrinos [11] .
Really, the higher the neutrino energy (or the smaller the parameter δ = ∆m 2 /4E) the less the probability Pēē = ν * eRν eR occurs. One can see from Figs. 8, 9 that for a wide region of the mixing angle sin 2 2θ and, for instance, for the neutrino mass parameter ∆m 2 ∼ 10 −8 eV 2 this probability is changing by 5-8 times: having maximum Pēē ∼ 0.25−0.4 at low energies E < ∼ 1MeV for sin 2 2θ > ∼ 0.06 and the minimum (Pēē < ∼ 0.05) at the energy region E > ∼ 5 MeV .
C. The MSW parameter region and correlation length of random fields
For "large" ∆m 2 ∼ 4 × 10 −7 − 10 −5 eV 2 the MSW conversions without helicity change, ν eL → ν µL , take place under the bottom of the convective zone as one can see from the resonance condition Eq. (36) where the neutron abundance Y n (neutral current contribution) should be omitted.
Then left-handed neutrinos (ν eL ,ν µL ) cross the convective zone with random magnetic fields and can be converted to right-handed components via the ASFC-mechanism. From  Figs. 4, 7 it follows that the more intensive the r.m.s. field b 2 in the convective zone the more effective spin-flavour conversions lead to the production of the right-handedν eR , ν µR -antineutrinos. This was also proved analytically in subsection III.C for small mixing angles both for δ-correlated fields, Eq. (15), and for correlations of finite radius, Eq. (21).
Only "large" mass region ∆m 2 > ∼ 3 × 10 −6 eV 2 − 10 −5 eV 2 survives as a pure MSW region without ASFC influencing the left-handed components since our correlation length L 0 = 10 4 km chosen as a mesogranule size corresponds rather to finite correlation radius (see subsection III.C.2). Really, the dimensionless parameter x = δL 0 is too large for these ∆m 2 and the ratio sin 2 x/x 2 ceases in Eq. (21) . Therefore, there are no ASFC for such mass parameters and L 0 = 10 4 km. Variation of the correlation length L 0 . To check our approach we treated numerically a more stronger r.m.s. field b = 300 kG retaining invariant b 2 L 0 = const for a granule size L 0 ∼ 10 3 km, i.e. we considered small-scale δ-correlated random fields. In this case a lot of ν eR appear even for the typical small-mixing MSW region ∆m 2 ∼ 10 −5 eV 2 excluding this and the whole triangle region at all from non-observation ofν eR in SK. This immediately follows from analytic formula Eq. (21) since for L 0 = 10 3 km limit (lim x→0 sin x/x → 1) is fulfilled there and the auxiliary function S ceases enhancing P ν eL →ν µR .
The same situation remains even for a more realistic random magnetic field strength b = 100 kG with L 0 ∼ 10 3 km, see Fig. 14 where we reconciled all solar neutrino experiments with account of the bound Eq. (38)).
V. CONCLUSIONS
If antineutrinosν eR would be found with the positive signal in the Borexino experiment [17] or, in other words, a small-mixing MSW solution to SNP fails, this will be a strong argument in favour of magnetic field scenario with ASFC in the presence of a large neutrino transition moment, µ ∼ 10 −11 µ B for the same small mixing angle. There appears one additional parameter for the ASFC scenario comparing with the RSFP solution [7] to SNP. This is the correlation length of random magnetic fields L 0 which varies within the interval L 0 = 10 3 − 10 4 km in correspondence with typical inhomogeneity size (of granules and mesogranules) in the Sun.
The probabilitues P aa sharply depend on the correlation length L 0 that might allow (in the case ofν eR registered ) to study the structure of solar magnetic fields.
Another regular magnetic field parameter µB ⊥ [7] changes to µ b 2 where the r.m.s. magnetic field b 2 was treated here in the same interval b = 20 − 100 kG as for usual estimates of regular (toroidal) magnetic field in [7, 8] .
Our main assumption about more stronger random field is based on modern MHD models for solar magnetic fields where random fields are naturally much bigger than large-scale magnetic fields created and supported continuously from the small-scale random ones [23, 24] (see subsection III.B). The ratio b = √ R m B [23, 24] with large magnetic Reynolds number R m ≫ 1 means that in RSFP scenarios (including twist field model) the value of the regular large-scale field B ⊥ was rather overestimated.
Thus, if neutrinos have a large transition magnetic moment [29] their dynamics in the Sun is governed by random magnetic fields that , first, lead to aperiodic and rather non-resonant neutrino spin-flavor conversions, and second, inevitably lead to production of electron antineutrinos for low energy or large mass difference region.
The search of bounds on µ at the level µ ∼ 10 −11 µ B in low energy ν e-scattering, currently planning in laboratory experiments [30] , will be crucial for the model considered here.
We would like to emphasize the importance of future low-energy neutrino experiments (BOREXINO, HELLAZ) which will be sensitive both to check the MSW scenario and thē ν eR -production through ASFP. As it was shown in a recent work [11] a different slope of energy spectrum profiles for different scenarios would be a crucial test in favour of the very mechanism providing the solution to SNP. 
